Background: Filamentous cyanobacteria are known to negatively affect the life history of planktonic herbivores through mechanical interference with filtering apparatus. Here, we hypothesise that not only the length but also the thickness of cyanobacterial filaments is an important factor shaping the life history of Daphnia. Results: To test our hypothesis, we cultured Daphnia magna with non-toxin-producing strains of either Aphanizomenon gracile or Cylindrospermopsis raciborskii. The former possesses wide filaments, whereas the latter has thinner filaments. The strain of A. gracile has two morphological forms differing in filament widths. The exposure to the thicker A. gracile filaments caused a stronger body-length reduction in females at maturity and a greater decrease in offspring number than exposure to the thinner C. raciborskii filaments. The width of filaments, however, did not significantly affect the length of newborns. The analysis of mixed thick and thin A. gracile filament width distribution revealed that D. magna reduces the number of thinner filaments, while the proportion of thicker ones increases. Also, the effects of cyanobacterial exudates alone were examined to determine whether the changes in D. magna life history were indeed caused directly by the physical presence of morphologically different filaments and not by confounding effects from metabolite exudation. This experiment demonstrated no negative effects of both A. gracile and C. raciborskii exudates. Conclusions: To our knowledge, this is the first study that demonstrates that the thickness of a cyanobacterial filament might be an important factor in shaping D. magna's life history. At a given biomass, thicker filaments of A. gracile were more detrimental to D. magna than thinner ones of C. raciborskii. There was also a strong interaction between species of the cyanobacterium and filament biomass, where species with thicker filaments and at higher biomass had the strongest negative impact on D. magna life history.
Background
In the presented work, an attempt was made to determine whether the width of cyanobacterial filaments is a factor responsible for significant changes in the life histories of large-bodied cladocerans such as Daphnia magna.
Filamentous cyanobacteria are recognised to negatively affect the performance of filter-feeding cladocerans because of a lack of polyunsaturated fatty acids (for more details see: Von Elert and Wolffrom 2001; Von Elert et al. 2003 , Oren 2010 ) and the toxicity of some species (Carmichael 1994; DeMott 1999) . Moreover, filaments clog filtration apparatuses and impair their functioning (Gliwicz and Siedlar 1980) . Daphnids are forced to frequently clean their filtering apparatus from filaments by post-abdominal rejection movements, thereby losing a majority of earlier-acquired food particles (Gliwicz and Siedlar 1980) , or invest in detoxification mechanisms if toxic filaments are ingested (Pflugmacher et al. 1998) . It is well known that filamentous cyanobacteria can induce various changes in the life histories of cladocerans, e.g. decreased growth rate (Gliwicz 1990a) and delayed reproduction and the production of fewer offspring (Repka 1997) . Claska and Gilbert (1998) demonstrated that Anabaena affinis and Anabaena flos-aquae cause an increase in the interclutch interval of Daphnia pulex. These authors also observed an increase in the number of aborted eggs and dead neonates in daphnids that fed on cyanobacterial filaments. However, filamentous cyanobacteria are frequently consumed and can support the growth of Daphnia; for example, a non-toxic strain of Aphanizomenon flexuosum improved the growth of Daphnia galeata (Kurmayer 2001) . Moreover, Von Elert et al. (2003) observed that the growth rate of D. galeata that were fed filaments enriched with sterols was nearly equal to the growth rate of daphnids that were fed Scenedesmus obliquus. These contradictory data have been at least partially explained by Gliwicz (1990a) , who found that the growth and reproduction of daphnids are strongly suppressed above a critical concentration of filaments. Another supporting example is the study by Soares et al. (2009) that demonstrated that only a high biovolume of Cylindrospermopsis raciborskii can reduce the somatic growth of D. magna.
The degree of the negative effects of the morphology of cyanobacterial filaments on daphnids is usually explained by the density of filaments and only one morphological parameter, such as length. Several authors have reported that Daphnia prefer short filaments (Holm and Shapiro 1984; Oberhaus et al. 2007 ) because they are easier to ingest (Dawidowicz 1990 ). Panosso and Lürling (2010) studied the role of filament length of C. raciborskii on the grazing of D. magna. These authors did not support hypothesis that long filaments affect more negatively on Daphnia clearance rate than short filaments. In their view, only filaments longer than 200 μm should reveal the importance of filament length for Daphnia. Recently, Bednarska et al. (2014) demonstrated that filaments of C. raciborskii longer than 50 μm caused reduction in growth and fecundity of several clones of Daphnia. However, the effect of the thickness of filaments has been overlooked, and there is a lack of knowledge concerning the importance of filament thickness to the life history of Daphnia. Various species of filamentous cyanobacteria can have substantially different filament widths. For example, morphological analyses of planktonic cyanobacteria from Belgium and Luxemburg carried out by Willame et al. (2006) revealed clear differences in cell widths among filamentous cyanobacteria such as Aphanizomenon issatschenkoi (mean ± SD: 2.8 ± 0.3 μm), Aphanizomenon gracile (3.6 ± 0.3 μm), Planktothrix agardhii (5.5 ± 0.5 μm) and Lyngbya sp. (8.5 ± 0.7 μm). The results of Nadin-Hurley and Duncan (1976) suggest that filament thickness, rather than length, appears to be a limiting factor for Daphnia grazing. These authors observed long but narrow and pliant filaments of the yellowgreen alga Tribonema sp. in Daphnia's guts, while wider filaments became stuck and crowded closely together in the mouth. Moreover, Cerbin et al. (2013) observed a widening of A. gracile's filaments in the presence of Daphnia, which was interpreted as a defence mechanism against grazing. These results suggest that filament width can shape the interactions between Daphnia and filamentous cyanobacteria. Considering the above-mentioned reports, we hypothesised that, when the biomasses of two non-toxic cyanobacteria are similar, the species with thicker filaments will have a stronger negative effect on the life history of Daphnia than the species with thinner filaments.
To test our hypothesis, we conducted two experiments using two species of filamentous cyanobacteria that differ in the thickness of their filaments. These species were C. raciborskii, a species with thin and pliant filaments, and A. gracile, which has thicker filaments. Moreover, the strain of A. gracile used in experiments expresses two morphological forms that differ markedly in thickness of filaments. This allowed us to reduce the interspecies variability of the filament's properties and see how Daphnia's grazing influences the width distribution. There should be no changes in the proportion of thin to thick filament numbers after exposure to Daphnia grazing, if the width is not the important factor influencing Daphnia's life history. In the second experiment, we checked a life history response of D. magna to the presence of cyanobacterial exudates alone. This allowed us to exclude the physical effects of filaments from the possible negative effects of cyanobacterial exudates.
Methods

Experimental organisms and conditions
The following species of filamentous cyanobacteria were used in this study: A. gracile Lemmermann 1907, strain SAG 31.79, and C. raciborskii (Woloszyńska) Seenayya and Subba Raju 1972, strain SAG 1.97 . These strains were obtained from the culture collection of algae (Sammlung von Algenkulturen (SAG)) at the University of Göttingen, Germany. Both strains are not known for toxin production, and no cylindrospermopsin was detected when concentrations were measured using an ELISA test (96 well-plate, ABRAXIS, Warminster, PA, USA). These two species differed in filament thickness; A. gracile had thicker filaments than C. raciborskii (Table 1) . Additionally, the strain of A. gracile has been in culture since 1962, and for this reason, it is a mixture of two morphological forms distinctly differing in width. However, both cyanobacteria species had similar filament lengths; the mean length of A. gracile filaments was 254.1 ± 146.1 μm (mean ± SD), while C. raciborskii filaments had a mean length of 280.7 ± 170.7 μm. Additionally, there were no differences in length between thick and thin filaments of A. gracile. In addition to these two cyanobacteria, we used the green algae S. obliquus (Turpin) Kützing 1834 strain SAG276-3a and Chlorella vulgaris Beyerinck [Beijerinck] (1890) strain SAG211-11b as high-quality food sources for daphnids. The stocks of phytoplankton were cultivated in a walk-in phytotron (Conviron; Winniped, Canada) in a 2-L chemostat on WC medium (Guillard and Lorenzen 1972) . The cyanobacterial trichomes and algal cells of each strain were harvested and then separated from their media by centrifugation for 30 min at 3,000 rpm (Rotina 380R centrifuge, Hettich, Kirchlengern, Germany). The pellets were resuspended in filtered lake water prior to their use in experiments.
A long-established laboratory clone of D. magna Straus 1820 was maintained in an incubator in 1-L glass beakers that were filled with 0.45 μm filtered and conditioned lake water (Lake Kierskie Duże, western Poland). Before starting the experiments, the daphnids were cultured using a defined food source (a mixture of S. obliquus and Ch. vulgaris, chlorophyll a = 0.019 mg/L which is far above an incipient limiting level, refreshed every second day), temperature (20°C) and light intensity (PAR: 44 μmol quanta m −2 s −1
, 16:8 h light-dark cycle) for several generations. The neonates from the third clutch, born on the same day and less than 12 h old, were used in the experiments to minimise the carryover of maternal effects into the experiment.
Cyanobacterial filament width experiment
In the first experiment, the effects of A. gracile and C. raciborskii trichomes on the life history of Daphnia were studied. We used equal biomasses of both species of cyanobacteria. The biomasses were estimated based on spectrophotometric measurements (Metertech, SP-830 Plus, Taipei, Taiwan) of the concentrations of chlorophyll a ( Table 1 ). The treatments were as follows: the low biomass of A. gracile (Low-Aph) and C. raciborskii (Low-Cyl) filaments, and the high biomass of A. gracile (High-Aph) and C. raciborskii (High-Cyl) ( Table 1) . The low concentrations of chlorophyll a correspond to those found in Polish hypertrophic lakes dominated by filamentous cyanobacteria (e.g. Kowalczewska-Madura and Gołdyn 2006), and high concentrations to those found in extremely hypetrophic lowland dam reservoirs (Gorniak et al. 2003) . All the treatments with cyanobacterial filaments also contained a mixture of S. obliquus and Ch. vulgaris (1:1) in concentrations far above the incipient limiting level (in total 0.019 mg/L of chlorophyll a). Daphnids fed with only green algae constituted control treatments (No-Aph, No-Cyl) . For each treatment, seven newborns of D. magna were individually placed in 150 mL tubes. Daphnids were transferred every second day to clean tubes with freshly prepared algae and cyanobacteria suspensions. Cyanobacteria were sampled during the transfer before placing daphnids into the tubes and after 2 days of grazing. This procedure was undertaken twice, in the beginning and at the end of the experiment (56 cyanobacteria samples of both species, in total). These samples were used for morphological measurements. The thickness of 30 and length of 150 filaments was measured from each sample of each species. Additionally, the clear difference in thickness of A. gracile filaments allowed to divide them into two groups: thin (<2.5 μm) and thick (>2.5 μm). This procedure allowed to test whether there were any changes in the ratio of thin to thick filaments due to Daphnia grazing. Since the thickness of those filaments sampled at the first and last transfer of animals did not differ significantly in the corresponding groups, they were pulled together to rise the number of measurements per tube (60). Also, several life history traits were recorded for the daphnids: the body lengths and ages of mothers at maturity as well as the numbers and body lengths of neonates. Body length was defined as the distance from the most posterior point on the head to the base of the junction of the tail spine with the carapace.
Cyanobacterial exudates experiment
In the second experiment, we tested the influence of any possible exudates of A. gracile and C. raciborskii on the life history of D. magna. These exudates could be unknown toxins or metabolites that are detrimental to daphnids. The cyanobacterial biomasses used were the same as described for the previous experiment. The treatments with cyanobacteria culture water were set up similarly to the first experiment (No-Aph, No-Cyl, LowAph, Low-Cyl, High-Aph, High-Cyl). The water with cyanobacterial exudates was obtained from 24-h incubations of filaments in lake water. After this time, the water was purified of trichomes by centrifugation followed by filtration through GF-C Whatman filters before being used in experiments. For a control, we used clean, filtered lake Values are given as the means ± standard deviations.
water that had no subsequent contact with cyanobacterial filaments (No-Aph, No-Cyl) . All the treatments contained equal concentrations of green algal food (S. obliquus and Ch. Vulgaris) that was far above the incipient limiting level. The cyanobacterial water and green algal food were refreshed every day. Similarly to the first experiment, the body lengths and age of mothers at maturity as well as the numbers and body lengths of neonates were recorded.
Statistical analyses
Differences among treatments for each life history parameter were determined using two-way ANOVA tests. Because there were missing replicates for some of the treatments, we used the Type III sums of squares. All the assumptions were tested and met. When the ANOVAs detected significant differences, Tukey's post hoc tests were applied to perform pairwise comparisons. The only exception was the age at the time of the first reproduction; in this case, all the daphnids matured at the same age except for a few individuals in one treatment. In order to test the significance of influence of grazing (time) on the number of Aphanizomenon filaments differing in thickness, the rmANOVA was applied. All the statistical analyses and plots were performed and produced, respectively, using the R statistical software version 3.0.2 (R Core Team, 2013), which is under general public licence.
Results
Cyanobacterial filament experiment
In the first experiment, the one in which daphnids had direct contact with cyanobacterial filaments, the lengths of mothers at maturity (LM) depended on the biomass of cyanobacteria (expressed as the concentration of chlorophyll a) regardless of the species (biomass, two-way ANOVA: F 2,29 = 42.53, P < 0.0001) (Figure 1a ). The daphnids cultured in the low or high cyanobacteria biomass treatments were both significantly smaller than those grown without filaments (Tukey's HSD test: P < 0.0001; P < 0.0001, respectively) ( Figure 1a) . Moreover, the LM was significantly reduced for the high biomass in comparison to the low biomass (Tukey's HSD test: P = 0.004). However, the LM parameter was also dependent on the species of cyanobacteria (ANOVA: F 1,29 = 13.18, P = 0.001). Mothers fed A. gracile were much smaller at maturity than those in C. raciborskii treatments, regardless of the biomass (Figure 1b) . The interaction between Figure 1 The influences of cyanobacteria. The influences of the cyanobacterial biomass only (a), species only (b) and the interaction of species and biomass (c) on the length of mothers at maturity (LM). Different letters indicate significant differences among groups as indicated by Tukey's HSD tests.
biomass and species was also significant (ANOVA: F 2,29 = 10.56, P = 0.0003) (Figure 1c ). Most treatments with filaments (Low-Aph, High-Aph and High-Cyl) were significantly smaller than those in controls (No-Aph and No-Cyl) (Tukey's HSD test: P < 0.0001, P < 0.0001, P = 0.01, respectively), but there was no difference in LM between the No-Cyl and Low-Cyl treatments (Tukey's HSD test: P = 0.75), indicating a much weaker biomass effect of C. raciborskii than A. gracile (Figure 1c) . Likewise, mothers grown at a high biomass of A. gracile (High-Aph) had smaller sizes in comparison to those grown in Low-Cyl and High-Cyl conditions (Tukey's HSD test: P < 0.0001, P = 0.001, respectively). A similar effect was found for daphnids from the Low-Aph treatment, which were smaller than the females grown in Low-Cyl (Tukey's HSD test: P = 0.0001). However, no differences were detected between the Low-Aph treatment and either the High-Cyl or High-Aph conditions (Tukey's HSD test: P = 0.1, P = 0.3, respectively).
Referring to the age of mothers at the first reproduction (AFE), the females in all of the treatments laid their eggs at the same time, except some of the High-Aph and High-Cyl females delayed their clutch for one extra day. However, the amount of cyanobacterial biomass had a significant effect on the number of newborns (NB) (Figure 2) . The NB was strongly dependent on the biomass of cyanobacteria, regardless of the species (ANOVA: F 2,29 = 19.12, P < 0.00001) (Figure 2a) . A high biomass of cyanobacterial filaments caused a stronger reduction in offspring number than a low biomass of filaments (Tukey's HSD test: P = 0.005), and both biomasses of filaments (Low and High) significantly reduced the NB in comparison to the controls without filaments (Tukey's HSD test: P = 0.004, P < 0.0001, respectively). Furthermore, when the effect of species was tested independently of the filament biomass, differences in NB were also detected (ANOVA: F 1,29 = 15.61, P = 0.0004) (Figure 2b ). The presence of A. gracile Figure 2 The influences of the cyanobacteria on the number of newborns (NB) in the first clutch. The influences of the cyanobacterial biomass only (a), species only (b) and the interaction of species and biomass (c) on the number of newborns (NB) in the first clutch. Different indicate significant differences among groups as indicated by Tukey's HSD tests.
filaments caused a greater reduction in the clutch size of daphnids than the filaments of C. raciborskii. The interaction between both factors, the biomass of filaments and the effect of species, was also significant for offspring number (ANOVA: F 2,29 = 8.00, P = 0.001) (Figure 2c ). The clutch size in the presence of A. gracile (Low-Aph and High-Aph) was significantly reduced in comparison to the No-Aph treatment (Tukey's HSD test: P = 0.0004, P < 0.0001, respectively). However, no differences were found between the No-Cyl control and treatments with C. raciborskii (Low-Cyl and High-Cyl; P = 0.9, P = 0.5, respectively), again indicating a stronger effect of A. gracile. Furthermore, the females cultured at a low biomass of C. raciborskii produced more offspring in comparison to those fed on A. gracile at either the Low-Aph or High-Aph biomass (P = 0.0004, P < 0.0001, respectively). More neonates were also produced by females from the High-Cyl treatment in comparison to those from the High-Aph treatment (P = 0.0009).
Although females produced varying offspring numbers, as outlined above, when considering the neonate lengths (LNB), the effects of the filament biomass (ANOVA: F 2,29 = 1.22, P = 0.3) (Figure 3a) , the cyanobacteria species (F 1,29 = 0.31, P = 0.5) (Figure 2b ) and the interaction between these factors (F 2,29 = 0.58, P = 0.5, respectively) ( Figure 3c ) were all negligible.
The numbers of thin and thick A. gracile filaments have changed within 2 days during the experiment (Figure 4) . The number of thin filaments decreased in a sample while the number of thick filaments increased, showing that D. magna handles thinner filaments more effectively. There was a clear interaction between time and filament thickness (rmANOVA: F(1, 26) = 138,89, P < 0.0001) ( Figure 5 ).
Cyanobacterial exudates experiment
The experiment with cyanobacterial exudates alone revealed a significant effect of the exudate concentration on the LM (ANOVA: F 2,29 = 4.43, P = 0.02) (Figure 6a ). Figure 3 The influences of the cyanobacteria on the length of first newborns (LNB). The influences of the cyanobacterial biomass only (a), species only (b) and the interaction of species and biomass (c) on the length of first newborns (LNB). Different letters indicate significant differences among groups as indicated by Tukey's HSD tests.
Daphnids grown at a high concentration of exudates were significantly larger at the first eggs in comparison to those exposed to low exudate levels (Tukey's HSD test: P = 0.02). However, the LMs for the two concentrations of exudates did not differ with respect to the controls. There was a significant influence of the species of cyanobacteria on the LM parameter (ANOVA: F 1,29 = 5.27, P = 0.02) (Figure 6b ). D. magna females exposed to A. gracile exudates were larger at the first eggs than those that were cultured with the exudates of C. raciborskii. However, the interaction between concentration and species was not significant for LM (Figure 6c) . The age at the first eggs in all experimental treatments, including controls, was the same: all mothers produced eggs at the age of 7 days. Similarly, there were no significant effects of the filament density (ANOVA: F 2,28 = 0.3, P = 0.7) (Figure 7a ), the species of the cyanobacteria (F 1,28 = 0.06, P = 0.8) (Figure 7b ) or the interaction between these factors (F 2,28 = 0.2, P = 0.7, respectively) (Figure 7c) for the NB parameter. There was a significant effect of the species of cyanobacteria on the LNB (ANOVA: F 1,28 = 4.24, P = 0.04) (Figure 8b ), but the effects of the exudate Figure 4 The histogram presenting distribution of measurements of widths of filaments during the filament experiment.
concentration and the interaction between species and concentration were both insignificant (Figure 8a,c) . Females exposed to A. gracile exudates produced newborns of a larger size than females grown with exudates of C. raciborskii (P = 0.02).
Discussion
The hypothesis that thicker cyanobacterial filaments have a stronger negative impact on the life history traits of D. magna seems to be plausible. The presence of thick A. gracile filaments suppressed daphnids more than the presence of thin C. raciborskii filaments. This effect was most pronounced in the length at maturity. The daphnids that fed on A. gracile were significantly smaller in comparison to those from tubes containing C. raciborskii (Figure 1b) . Moreover, the females grown with the thicker filaments of A. gracile produced smaller clutches in comparison to those cultured in the presence of the thinner C. raciborskii (Figure 2b) . The negative influence of filaments has been shown to be positively correlated with their density (Gliwicz 1990a) , and this correlation was also observed in our experiment, where the high biomass treatments had a more severe effect on the size of females at maturity than the low biomass treatments. However, the filament thickness interacted with biomass. Thicker A. gracile filaments at a high biomass caused more severe effects than C. raciborskii. The importance of filament diameter is also supported by the data obtained for the specific strain of A. gracile which possesses two types of filaments: thick and thin (Figure 4) . The number of thick filaments increased after 2 days of exposure to D. magna, and simultaneously, the number of thin ones decreased (Figure 4 ). This shows that D. magna handles thinner filaments more effectively. The increased number of thick A. gracile filaments suggest that they are more difficult to handle by D. magna, and that can be attributed to their thickness. Thicker filaments require Daphnia to spend more energy to break them or remove from the filtering chamber, and this energy cannot be spent on reproduction. The negative effects of filaments in our experiment was most likely due to the mechanical interference of filaments with Daphnia's filtering apparatus, a phenomenon described first by Gliwicz and Siedlar (1980) . The mechanical interference from filaments impairs the ability of daphnids to collect food and triggers frequent cleaning movements of the post-abdominal claws (Gliwicz and Siedlar, 1980) . Bednarska et al. (2014) observed that filaments of C. raciborskii longer than 50 μm reduced growth and fecundity of Daphnia. However, the inhibition may depend not only on the length but also on the flexibility and toughness of a filament. It is possible that different reactions of daphnids to the presence of A. gracile or C. raciborskii were due to varying elasticity of filaments between these two species. In order to avoid any effects related to filament flexibility, future experiments should be based on different strains belonging to a single species of the cyanobacterium.
The significance of the physical presence of filaments is highlighted by the results of the second experiment conducted with cyanobacterial exudates alone. For these results, there were no clear negative effects of exudates on any of the measured parameters. This finding Figure 5 The interaction plot of time and filament thickness. The interaction plot of time (before and after exposure to grazing) and filament thickness on the number of thin (<2.5 μm) and thick (>2.5 μm) Aphanizomenon filaments.
excludes any negative influence of the chemicals possibly released by cyanobacteria.
The females that were exposed to filaments appear to invest more in the quality of their offspring. We observed no differences in the sizes of neonates in the presence of filaments (Figure 3c) , and the females matured at almost the same time in all the treatments, but the filament treatments did reduce the sizes of mothers at first reproduction and the numbers of offspring. Moreover, daphnids grown with cyanobacterial exudates alone produced similar numbers of offspring and grew to sizes comparable to the controls (Figure 8c ). We did, however, find that females exposed to A. gracile exudates produced significantly larger newborns compared to those cultured with the exudates of C. raciborskii. There are two possible explanations for this result. First, these differences in length could be interpreted as a maternal investment in the quality of offspring that will face unfavourable conditions. Because the presence of A. gracile filaments caused a stronger negative effect on D. magna, the production of larger newborns in the presence of A. gracile exudates could be a result of a greater investment in the quality of newborns. In this case, exudates should be considered as a signal of unfavourable conditions. An investment in the quality of offspring in the presence of Cylindrospermopsis was found by Gliwicz and Lampert (1990) . Also Reinikainen et al. (1999) noted that an increased proportion of available resources were allocated to reproduction in the presence of toxic cyanobacteria. A second explanation could be the availability of additional food resources, such as bacteria growing on exudates. This explanation is also supported by the larger sizes of females at the first eggs. In this second case, exudates should be considered as a growth medium for bacteria. For example, Maszczyk and Bartosiewicz (2012) demonstrated that chemicals originating from fish, such as kairomones, also fertilise the environment and enhance the growth of zooplankton by increasing bacterial food availability. This scenario could also be true for our cyanobacterial exudate experiment. Unfortunately, we have no data concerning bacterial growth and development during our experiments.
The mechanisms underlying the influence of filament thickness on the filtering efficiency and life history of filter-feeding plankton remain unknown. Smetacek (2001) argues that planktonic evolution is governed by protection and that the shapes of plankton reflect defence responses to specific attack systems. Cerbin et al. (2013) suggested that the widening of the filaments of A. gracile is a defence mechanism against grazing. It is plausible that the wider filaments used in our experiment somehow impaired in a greater extent of the feeding process. Thicker filaments could reduce the effectiveness of such filtering processes and cause higher energetic costs for daphnids. The functioning mechanism of Daphnia's filtration apparatus (mechanical sieving or direct interception of food particles) has been studied and discussed widely (Rubenstein and Koehl 1977; Gophen and Geller 1984; Gerritsen et al. 1988; Hartmann and Kunkel 1991; Koehl 1996) . However, recent studies have shown that both mechanisms can occur together. This co-occurrence is closely related to the Reynolds number (Re) of the setulaes (for more detail, see Abrusan 2004) . At a low Re, viscous forces dominate the flow. The filtering appendages act as paddles (Abrusan 2004 ) and the majority of water with suspended particles (including cyanobacterial filaments) flows tangentially to the surface of the filter screens (Gerritsen et al. 1988 ). Under such conditions, food gathering is predominantly based on direct interception (adhesion) rather than filtration (Rubenstein and Koehl 1977; Koehl 1996) . Bednarska and Dawidowicz (2007) observed a reduction in the intersetal and intersetular distances on the third pair of the thoracic legs of Daphnia in the presence of C. raciborskii. According to these authors, the morphological responses of daphnids to cyanobacterial filaments seem to be adaptive for reducing the mechanical interference of cyanobacterial filaments during food collection. D. magna has one of the smallest meshes among the Anomopoda (Geller and Müller, 1981) , and it seems unlikely that filaments clog the meshes in the filter combs. However, NadinHurley and Duncan (1976) reported problems with swallowing wider algal filaments and observed that narrower filaments were transferred further into the guts, while wider filaments became stuck and crowded closely together in the mouth. We can speculate that thin and pliant filaments interfere with the filtering apparatus to a lesser extent. These filaments may be broken with less effort and thus ingested at lower energetic costs. This suggestion is supported by the results of Soares et al. (2009) , who found that there were no differences between animals reared on feeds mixed with C. raciborskii and those grown on a diet of pure S. obliquus.
Our results provide further insight into unravelling the controversies over the manipulation of fish stocks to reduce the top-down effects on zooplankton that can result in harmful cyanobacterial blooms in freshwater ecosystems. Some authors have questioned the usefulness of this technique when filamentous cyanobacteria dominate the phytoplankton community (McQueen 1990; Gliwicz 1990b; De Bernardi and Giussani 1990 ) because these filaments are not readily consumed by herbivorous zooplankton (Holm et al. 1983; Lampert 1987) . A contradictory opinion has been expressed by Carpenter et al. (1995) , who suggested that phytoplankton biomass can be successfully controlled by herbivores because the ingestion of cyanobacterial filaments by these organisms is possible (Sterner 1989; Epp 1996) . Considering our results, we suspect that the ability of daphnids to graze on filamentous cyanobacteria and, therefore, also the efficiency of biomanipulations can also depend on the characteristic thicknesses of cyanobacterial filaments. If non-toxic species of filamentous cyanobacteria with thick filaments (e.g., those from the genus Planktothrix or Oscillatoria) predominate within the phytoplankton community, a biomanipulation may be unsuccessful. Simply, Daphnia can be too weak to break efficiently thicker filaments. That hypothesis is, to some extent, supported by the fact that the share of thinner filaments of A. gracile was decreasing while that of thicker filaments was increasing ( Figure 5 ).
It seems that the thickness of filaments, in addition to length, is a significant factor influencing Daphnia's life history patterns. Based on the differential responses of daphnids to morphologically different filamentous cyanobacteria, thicker filaments of A. gracile negatively affect some life history traits of D. magna (body growth and offspring number) more strongly than thinner filaments of C. raciborskii. This information can provide a reasonable explanation for the dominance structure within cyanobacterial communities and is important for determining top-down effects in freshwater ecosystems, as well as for informing strategies for biomanipulations and water quality control. If our predictions are correct, they will add a new perspective to the consequences of the presence of filamentous cyanobacteria for daphnids and extend the predictions of Gliwicz and Lampert (1990) . It is possible that filament thickness is negatively correlated with ingestion processes and adds up to the negative mechanical interference with filtering appendages. In order to give a stronger evidence, further investigation should include more than two taxa of filamentous cyanobacteria of different diameters.
Conclusions
In conclusion, thicker filaments of A. gracile caused a stronger reduction of some life history parameter of D. magna (length of females at first maturity and offspring number) than C. raciborskii that possesses thinner filaments. The analysis of A. gracile filaments' width distribution revealed that this strain has two types of filaments, thin and thick. D. magna reduced significantly the number of thin filaments. In turn, the share of thick filaments increased. Cyanobacterial exudates had no negative effects on life history traits of D. magna. The results indicate that not only the length but also the thickness of cyanobacterial filaments can shape the life history of D. magna. It is suspected that thicker filaments were more resistant, thus they caused more harm to the animals.
